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Abstract
The purpose of the current study was to investigate the maturation of form and motion perception, speciﬁcally the component
visual abilities involved in the identiﬁcation of motion-deﬁned form, in children ranging in age from 3 to 12 years. Experiment 1
compared the maturation of motion-deﬁned and texture-deﬁned shape identiﬁcation. Minimum speed thresholds on the motion-
deﬁned shape task decreased until age 7 years. Orientation diﬀerence thresholds on the texture-deﬁned shape task decreased until
age 11 years. Experiment 2 compared the maturation of global motion and global texture direction discrimination. Coherence
thresholds on both tasks were similar in children of all ages and adults. Experiment 3 compared the maturation of direction discrim-
ination on motion coherence and motion displacement tasks. Maximum displacement thresholds (Dmax) increased until age 7 years.
The results are discussed with respect to the maturation of M/dorsal and P/ventral visual pathways.
 2004 Elsevier Ltd. All rights reserved.
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Development of the human visual system continues
post-natally with many developmental critical periods
occurring during early childhood. A large body of re-
search has examined how visual perception develops in
infants. These studies have mainly examined the age
when infants are ﬁrst able to perceive a stimulus. Re-
search with older children has focused on measures of
acuity. This research has shown that line visual acuity
(similar to Snellen), hyperacuity and stereo-acuity con-
tinue to mature until age 8–12 years (Buckingham &
Kelly, 1996; Fox, Patterson, & Francis, 1986; Zanker,
Mohn, Weber, Zeitler-Driess, & Fahle, 1992).
Determining the age at which various aspects of vi-
sual processing mature is important for understanding0042-6989/$ - see front matter  2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2004.10.005
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E-mail address: giaschi@interchange.ubc.ca (D.E. Giaschi).the development of the visual system and for studying
childhood clinical populations. Clinical diagnosis and
research often focus on measures of acuity. However,
acuity taps only part of the broad spectrum of tasks that
we use vision to accomplish. For example, motion pro-
cessing ability, which is not correlated with acuity, is
crucial for tasks such as visually guided locomotion,
crossing a busy street, catching and throwing, etc. Pedi-
atric clinical populations with motion perception deﬁcits
include: dyslexia (Cornelissen, Richardson, Mason,
Fowler, & Stein, 1995; Demb, Boynton, & Heeger,
1998; Edwards et al., 2004; Raymond & Sorensen,
1998), amblyopia (Giaschi, Regan, Kraft, & Hong,
1992; Simmers, Ledgeway, Hess, & McGraw, 2003),
autism (Milne et al., 2002) and mental retardation
(Fox & Oross, 1990).
The early visual system comprises at least two parallel
pathways, magnocellular (M) and parvocellular (P),
which extend from the retina through separate layers
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visual cortex (V1) (Leventhal, Rodieck, & Dreher,
1981). In V1, there is an intermixing of the M and P in-
puts (Merigan & Maunsell, 1993), but a predominant
projection from the M pathway continues dorsally to
areas V5/MT and MST and on to the posterior parietal
cortex (DeYoe & Van Essen, 1988). The P pathway con-
tinues ventrally to V4 and terminates in the inferior tem-
poral cortex (Mishkin, Ungerleider, & Macko, 1983).
Although, the functional role of these pathways in vi-
sual perception has been extensively debated (Lennie,
1993), neuronal response properties and monkey lesion
studies implicate the M/dorsal pathway in motion per-
ception and the P/ventral pathway in colour and form
perception.
Neurons in the subcortical M pathway are tuned to
low spatial and high temporal frequencies (Shapley &
Perry, 1986). Lesions to the M layers of the LGN de-
crease contrast sensitivity and impair speed discrimina-
tion for moving stimuli (Merigan, Byrne, & Maunsell,
1991), but do not aﬀect visual acuity (Merigan, Katz,
& Maunsell, 1991). Neurons in the cortical dorsal path-
way are highly selective for the direction of motion
(Maunsell & Newsome, 1987), and lesions in area V5/
MT lead to elevated global motion coherence thresholds
(Newsome & Pare´, 1988) and deﬁcits in motion-deﬁned
form detection (Schiller, 1995).
Neurons in the subcortical P pathway are tuned to
high spatial and low temporal frequencies and are selec-
tive for wavelength (Shapley & Perry, 1986). Lesions to
the P layers of the LGN impair colour vision, contrast
sensitivity for high spatial and low temporal frequencies,
visual acuity (Merigan, Katz, & Maunsell, 1991), and
texture discrimination (Schiller, Logothetis, & Charles,
1990). Neurons in the cortical ventral pathway are selec-
tive for colour and form (Kobatake & Tanaka, 1994;
Lennie, Trevarthen, Van Essen, & Wa¨ssle, 1990).
The segregation of the M- and P-pathways in the
LGN of monkeys occurs early in development and is
dependent on visual experience (Meissirel, Wikler, Cha-
lupa, & Rakic, 1997; Rakic, 1981). The development of
the M/dorsal and P/ventral pathways in human func-
tioning has not been well characterized. Hickey (1977)
examined the development of the M- and P-pathways
using human post-mortem brain tissue. The P-pathway
cells appeared to mature ﬁrst, reaching adult size around
12 months. The M-pathway cells reached adult size at 24
months. This does not indicate that the pathways are
functionally mature by age 2 because the neuronal con-
nections may still be developing. Gordon and McCul-
loch (1999) used steady-state visual evoked potentials
elicited by horizontal sinusoidal gratings to look at M-
and P-pathway maturation in 5-, 8- and 11-year old chil-
dren. Gratings of low spatial frequency reversing at
12Hz at a series of contrasts were used to probe M-
pathway functioning. Gratings of high contrast revers-ing at 6Hz at a series of spatial frequencies were used
to probe P-pathway functioning. There was no indica-
tion of M pathway development across these age
groups, but the P pathway response was immature in
the 5- and 8-years old.
Psychophysical research found that motion-deﬁned
letter identiﬁcation matures earlier than line visual acu-
ity (Giaschi & Regan, 1997). This could be taken as evi-
dence that the M/dorsal pathway matures before the P/
ventral pathway. The processing of motion-deﬁned
form, however, appears to involve interconnections be-
tween the M/dorsal and P/ventral pathways (Regan,
Giaschi, Sharpe, & Hong, 1992), and may not require
an intact subcortical M pathway (Giaschi, Lang, & Re-
gan, 1997). In addition, motion-deﬁned form identiﬁca-
tion is not a simple motion task. It involves extraction of
local speed and direction information, spatial integra-
tion of this local information to form a global motion
signal, ﬁgure-ground segregation and global shape
perception.
The current study further explores the development
of motion perception. Previous research on motion
development with a motion-deﬁned form task found
that performance improves until around age 7 (Giaschi
& Regan, 1997). Since motion-deﬁned form requires ﬁg-
ure-ground segregation and the integration of motion
contrast cues it is diﬃcult to conclude which aspects of
this task are maturing in this age group.
The purpose of the current study was to further inves-
tigate the maturation of form and motion perception in
preschool and school age children, speciﬁcally the com-
ponent visual abilities involved in the identiﬁcation of
motion-deﬁned form. First, the development of ﬁgure-
ground segregation and global shape perception was
examined using motion-deﬁned and static texture-de-
ﬁned form tasks. Second, the maturation of spatial inte-
gration of local elements was studied using global
motion and static global texture tasks. Lastly, the mat-
uration of direction discrimination was compared on
motion coherence and motion displacement tasks.2. Experiment 1: Motion-deﬁned and texture-deﬁned
shapes identiﬁcation
Figure-ground segregation and form identiﬁcation
can be achieved in adult observers based on several
kinds of visual diﬀerences between the ﬁgure and the
background. A motion-deﬁned form task requires that
participants use motion contrast cues to segregate ﬁgure
and ground. A shape is deﬁned purely by relative mo-
tion between elements within the shape, and elements
outside the shape. Kaufmann-Hayoz, Kaufmann and
Stucki (1986) found that 3-month old infants would
transfer habituation from motion-deﬁned stimuli to sta-
tic stimuli. This suggests that infants have the ability to
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cated that sensitivity to motion-deﬁned form is not fully
developed in children (Giaschi & Regan, 1997; Hollants-
Gilhuijs, Ruijter, & Spekreijse, 1998; Schrauf, Wist, &
Ehrenstein, 1999). Shape identiﬁcation improves to
adult levels by 7 years of age when minimum speed
thresholds are measured (Giaschi & Regan, 1997).
Shape detection improves to adult levels by 10 years of
age when coherence thresholds are measured (Gunn
et al., 2002). When the shapes are deﬁned by a speed dif-
ference instead of a direction diﬀerence, maturation con-
tinues until 15 years (Schrauf et al., 1999). This could
represent a developmental diﬀerence in speed-tuned ver-
sus direction-tuned motion mechanisms or a later matu-
ration of texture mechanisms, due to the confounding
texture cues introduced when the shapes are created by
a speed diﬀerence (Regan et al., 1992).
A pure texture-deﬁned form task utilizes local static
texture diﬀerences to distinguish the shape from the
background. Diﬀerences in the orientation of line ele-
ments inside and outside the shape have been used in
a few developmental studies. The emergence of texture
segregation in infants has been studied using a forced-
choice preferential looking task. Atkinson and Braddick
(1992) found that infants show a preference for texture-
deﬁned regions by 4 months of age. Sireteanu and Rieth
(1992) found this preference did not emerge until 9
months, and became adult-like by 8 years of age. Gunn
et al. (2002) found that coherence thresholds for detect-
ing texture-deﬁned shapes reached adult levels by age
6–7 years.
Thus, due to inconsistencies across studies, the rela-
tionship between the development of ﬁgure-ground seg-
regation by texture contrast and segregation by motion
contrast is not clear. The maturation of texture-deﬁned
form identiﬁcation has not been reported. Experiment
1 compares motion-deﬁned and texture-deﬁned form
identiﬁcation using shapes that are easily identiﬁed by
pre-school children.3. Methods
3.1. Participants
Participants were 130 volunteers from the commu-
nity, divided into ﬁve age groups of 26 children each:
3–4 years old, 5–6 years old, 7–8 years old, 9–10 years
old and 11–12 years old. Thirteen children from each
age group performed the motion-deﬁned shape task
and the remaining children performed the texture-de-
ﬁned shape task. The Regan high contrast letter chart
(Regan, 1988) was used to assess visual acuity in most
children. A picture chart (Lighthouse Low Vision Prod-
ucts) was used to assess visual acuity in some children in
the 3–6 year age range. A monocular corrected decimalvisual acuity of 0.8 or better on the Regan chart or 0.67
or better on the picture chart was required for inclusion.
Stereoacuity was assessed using the Randot Circles test
(Stereo Optical Co., Inc.). A stereoacuity of 70s or bet-
ter was required for inclusion. Children were excluded
from the study if they had a history of amblyopia or
other eye disease that might aﬀect visual perception, if
their visual acuity or stereoacuity was below the cut
oﬀ level, if they did not have suﬃcient English skills to
understand instructions or if they were uncooperative
during testing.
3.2. Apparatus
The tasks were generated on a Macintosh Power PC
8500 using Custom C code and presented on a 17 0 0 Sony
Trinitron monitor with a resolution of 1024 (horizon-
tal) · 768 (vertical) pixels. The screen had a refresh rate
of 75Hz. The room was lit dimly with diﬀuse light for
the duration of the experiment to prevent glare on the
computer screen. Responses were collected with a Mac-
Gravis gamepad that was modiﬁed and placed inside a
child-friendly response pad with cartoon character
buttons.
3.3. Motion-deﬁned shapes
A randomly generated array of white 1 pixel dots
with a dot density of 25% was presented on a black
background. The dot array contained a shape that was
only visible because the dots outside the shape moved
in one coherent direction (up or down) while the dots in-
side the shape moved in the opposite direction at the
same speed (see Fig. 1a). The shape itself was statio-
nary. The shape was impossible to identify if the dots
inside and outside the shape moved in the same direc-
tion, or if the dots were stationary. There were ﬁve pos-
sible shapes: a circle, a duck, a ﬁsh, a heart, and a
gingerbread man. These were selected to be equally iden-
tiﬁable by 3-year old children in a pilot test of 10 diﬀer-
ent shapes.
Children sat at a distance of 5.8m from the monitor.
The entire random-dot display subtended 2.5 · 2.5deg
and the motion-deﬁned form within the display sub-
tended 2.0 · 2.0deg. Each trial was composed of 8
frames, each lasting 80 ms for a total stimulus presenta-
tion of 640 ms. Initially, the dots moved at a speed of
1.26deg/s. The speed of all dots in the display was re-
duced according to the psychophysical procedure de-
scribed below. Dot speeds of 1.26, 0.628, 0.314, 0.158,
0.079 and 0.039deg/s were used.
3.4. Texture-deﬁned shapes
A pattern of stationary white 1 · 17 pixel lines were
presented on a black background. There were 17.8 lines
Fig. 1. The visual perception tasks. (a) Motion-deﬁned form, (b) maximum displacement, (c) global motion, (d) texture-deﬁned form and (e)
coherent arrows. The arrows in (a), (b) and (c) indicate the direction of dot motion. They were not present in the stimulus display. The dotted lines in
(a) and (d) indicate the shape in the diagram, and were not present in the original display. Images of the characters (tiger and mouse) were used, not
the words as shown here.
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ﬁned by an orientation diﬀerence between the lines in-
side and outside the shape. The lines comprising theshape were oriented vertically and the lines in the back-
ground were initially oriented horizontally (90deg orien-
tation diﬀerence; see Fig. 1d). The lines had a positional
Fig. 2. Mean minimum speed thresholds for motion-deﬁned form
identiﬁcation and mean orientation diﬀerence thresholds for texture-
deﬁned form identiﬁcation for each of the age groups. Error bars
represent one standard error of the mean (SEM). Lower thresholds
indicate better performance.
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shape. The shapes were the same as those used in the
motion-deﬁned shape task.
Children sat at a distance of 2.8 m from the monitor.
The entire line display subtended 4.9 · 4.9deg and the
texture-deﬁned shape within the display subtended
3.7 · 3.7deg. The duration of each trial was 850 ms.
The orientation of the lines in the background was var-
ied according to the psychophysical procedure described
below. Orientation diﬀerences of 90, 56.8, 35.8, 22.6,
14.3, 9.0, 3.6, and 0.9deg were used.
3.5. Procedure
The tasks were completed monocularly, using the eye
with the best acuity. The non-study eye was occluded
with an opaque black patch. A trial began with the
appearance of a traﬃc light on the computer screen.
The traﬃc light changed from red to yellow, which
prompted the child to begin the stimulus presentation
by pressing a green button on the response pad. A tone
signaled the onset of the stimulus. A question mark ap-
peared after stimulus presentation to indicate that a re-
sponse was required. The child reported which shape
they perceived to the experimenter. Visual and auditory
feedback was provided.
To ensure that children could correctly identify the
shapes, ﬁve practice trials were completed in which the
shapes were deﬁned by luminance contrast in addition
to motion or texture contrast. During the test blocks,
the shapes were deﬁned by motion or texture contrast
alone. Each task began with a 10-trial practice block
at the initial, easiest level. Children were required to
achieve 80% accuracy before continuing on with the
task. The practice block criterion ensured that the task
was not too diﬃcult.
The thresholds for each ﬁve-alternative forced-
choice task were measured using a modiﬁed descend-
ing method of limits, with 10 trials at each level of
the stimulus. The ﬁve shapes were presented in ran-
dom order across the trials. The speed or orientation dif-
ference was reduced in successive blocks until
performance reached chance (20% accuracy). Small
breaks were taken between each block of trials to pre-
vent fatigue.
Minimum speed thresholds for identiﬁcation of mo-
tion-deﬁned shapes or minimum orientation diﬀerence
thresholds for identiﬁcation of texture-deﬁned shapes
were determined by ﬁtting a Weibull function to the
data for each participant using a maximum-likelihood
minimization procedure (Watson, 1979). Threshold
was deﬁned as the point of maximum slope on the ﬁtted
curve, which occurs at 71% correct in a 5-alternative
forced-choice procedure (Strasburger, 2001). The Wei-
bull function provided an adequate ﬁt to the data for
each child, as indicated by a v2 test (p < .05).4. Results and discussion
Mean speed thresholds and mean orientation diﬀer-
ence thresholds for shape identiﬁcation as a function
of age are depicted in Fig. 2. Performance limits for
each age group can be found in Table 1. The eﬀect of
age and task was assessed with a one-way multivariate
analysis of variance. A signiﬁcant age eﬀect was found
(F(8,188) = 2.95, p < .01). Post hoc Newman–Keuls anal-
ysis on the motion-deﬁned shape task revealed that the
youngest group (3–4 years old) was signiﬁcantly diﬀer-
ent from the older groups of children (7–8, 9–10, 11–
12 years old). Post hoc analysis on the texture-deﬁned
shape task revealed that the youngest group of children
(3–4 years old) was signiﬁcantly diﬀerent from the oldest
group of children (11–12 years old).
From examining Fig. 2 it appears that the 5–6 year
old group performed worse than the older children on
the motion-deﬁned shape task. This diﬀerence was not
statistically signiﬁcant, but qualitatively, our ﬁndings
are consistent with previous research showing that per-
formance on a motion-deﬁned form task improves until
age 7 (Giaschi & Regan, 1997). Performance on the tex-
ture-deﬁned form task appears to continue to improve
across all age groups. To further explore maturational
diﬀerences on the motion and texture tasks, single expo-
nential functions were ﬁt to the data of Fig. 2 using Igor
software (Wavemetrics). These functions have the form:
Y = k0 + k1 (e
sX). Where k0 = the initial response level
and k1 = the asymptotic response level. A v
2 test was
used to determine if the curve was a good ﬁt. The time
constant (s) is the time required for the peak to plateau
diﬀerence to decline to 37% of its initial value. This rep-
resents the rate of maturation. The exponential curve ﬁts
provided maturation rates of s = 0.950 for the motion-
deﬁned shape task and s = 5.236 for the texture-deﬁned
Table 1
Means and standard deviations for each of the tasks broken down for
each of the age groups
Mean SD
Motion-deﬁned shapes
3–4 years old 0.28 0.06
5–6 years old 0.18 0.03
7–8 years old 0.14 0.02
9–10 years old 0.09 0.02
11–12 years old 0.14 0.04
Texture-deﬁned shapes
3–4 years old 39.90 12.98
5–6 years old 35.59 7.36
7–8 years old 33.63 7.95
9–10 years old 31.59 8.00
11–12 years old 28.83 9.37
Global texture
3–4 years old 0.56 0.18
5–6 years old 0.56 0.15
7–8 years old 0.48 0.10
9–10 years old 0.48 0.14
11–12 years old 0.45 0.07
Adults 0.46 0.15
Global motion
3–4 years old 0.33 0.24
5–6 years old 0.30 0.25
7–8 years old 0.23 0.15
9–10 years old 0.24 0.17
11–12 years old 0.20 0.10
Adults 0.21 0.11
Dmax
3–4 years old 0.85 0.21
5–6 years old 0.97 0.27
7–8 years old 1.05 0.25
9–10 years old 1.05 0.19
11–12 years old 1.06 0.19
Adults 1.23 0.22
Note: the global motion means and standard deviations are combined
from the results of Experiments 2 and 3.
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motion-deﬁned shape task compared to the texture-
deﬁned shape task.
Since visual acuity is still maturing in this age range
(Buckingham & Kelly, 1996), an ANCOVA was per-
formed with visual acuity factored as a covariate. Log-
MAR acuities were used to prevent the erroneous
results that arise from using decimal visual acuities in
statistical analyses (Holladay, 1997). The age eﬀect was
not signiﬁcant for motion-deﬁned form (F(4,59) = 1.89,
p > .05) or texture-deﬁned form (F(4,59) = 0.46, p > .05).
A single exponential function ﬁt to the logMAR visual
acuity data with age provided a maturation rate of
s = 3.121.
These results suggest that the improvement in perfor-
mance with age on the motion-deﬁned and the texture-
deﬁned form tasks reﬂects an aspect of vision that is also
required for visual acuity, a luminance-deﬁned form
task. All three tasks involve ﬁgure-ground segregationand shape identiﬁcation. The texture-deﬁned shape task
does not involve motion direction discrimination. The
visual acuity task does not involve motion direction dis-
crimination or global spatial integration of local ele-
ments. The maturation of global spatial integration of
local elements, which is involved in motion-deﬁned
and texture-deﬁned form tasks, was studied in the next
experiment.5. Experiment 2: Global motion and global texture
direction discrimination
Global motion perception requires the integration of
spatially separate local motion signals into a coherent
motion percept. In a typical global motion task, the pro-
portion of dots moving coherently in a single direction is
reduced until the direction of motion can no longer be
determined.
Studies using preferential looking in infants have
suggested that sensitivity to the direction of motion
arises sometime between 6 and 10 weeks (Wattam-Bell,
1996). Infants at 11 weeks have sensitivity to global mo-
tion, but their coherence thresholds are much higher
than adult thresholds (Wattam-Bell, 1994). Banton,
Bertenthal, and Seaks (1999) examined infants ability
to perceive direction in an array of moving dots. They
examined sensitivity to global motion by varying the
range of directions in which the dots were moving. In-
fants performance became worse from 6 to 24 weeks,
and all the infants performed signiﬁcantly below adult
levels. The authors suggest that the decline in perfor-
mance may be reﬂective of the change to more narrowly
tuned direction selectivity of cortical neurons that oc-
curs during development.
The development of global motion direction discrim-
ination in preschool and school age children has not
been reported. The development of global texture per-
ception has only been studied using tasks involving tex-
ture-deﬁned form (Gunn et al., 2002). Experiment 2
compares the development of direction discrimination
for global motion and global texture. For this purpose,
a global texture direction discrimination task involving
spatial integration of local texture elements was created.6. Methods
Participants were 144 volunteers from the commu-
nity, divided into six age groups of 24 subjects each:
3–4 years old, 5–6 years old, 7–8 years old, 9–10 years
old, 11–12 years old and adults. Twelve participants
from each age group performed the global motion task
and the remaining participants performed the global
texture task. The inclusion of an adult group for this
experiment was necessary because it was not known,
Fig. 3. Mean coherence thresholds for discrimination of global motion
and global texture for each of the age groups. Error bars represent one
SEM. A lower threshold indicates better performance on this task.
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plete by age 12 years. The details of the participant selec-
tion and the apparatus are the same as in Experiment 1.
6.1. Global motion
A randomly generated pattern of white dots, density
of 32dots/deg2, was presented on a black background.
On each trial, the signal dots moved in a coherent direc-
tion (up or down), while the noise dots moved in ran-
dom directions (see Fig. 1c). The speed of all the dots
was held constant at 1.2deg/s. Participants sat at a dis-
tance of 1.4m from the computer monitor. The display
subtended 12.8 · 9.6 deg. Each dot survived for the en-
tire 8 frames of a trial. The duration of each trial was
853.6 ms. The initial coherence level was 1.0—all of
the dots moved together in the same direction. The
coherence level was reduced according to the psycho-
physical procedure described below. Coherence levels
of 1.0, 0.50, 0.25, 0.125, 0.0625, 0.03125 and 0.016 were
used.
6.2. Global texture
A randomly generated pattern of white arrows was
presented on a black background. Each arrow had a seg-
ment length of 1 pixel · 12 pixels and a head length of 6
pixels at an angle of 45deg. There were 12arrows/deg2.
A portion of the arrows pointed in a coherent direction
(up or down), while the remaining arrows pointed in
random directions (see Fig. 1e). Participants sat at a dis-
tance of 1.4m from the computer monitor. The display
subtended 7.6 · 7.6deg. The duration of each trial was
200ms. The initial coherence level was 1.0—all of the ar-
rows pointed together in the same direction. A posi-
tional jitter of 1deg forced participants to integrate the
arrows across the display to extract a global texture per-
cept. The coherence level was reduced according to the
psychophysical procedure described below. Coherence
levels of 1.0, 0.75, 0.50, 0.25, 0.125 and 0.0625 were
used.
6.3. Procedure
The tasks were completed monocularly, using the eye
with the best acuity. The non-study eye was occluded
with an opaque black patch. The participants were
asked to identify the direction of motion or the direction
in which the arrows pointed by pressing one of two but-
tons on a response pad. The response buttons matched
cartoon characters located on the top and bottom of
the computer monitor.
Each task began with a 10-trial practice block at a
coherence level of 1.0. Participants were required to
achieve 80% accuracy at this level before continuing
on with the task. The thresholds for each 2-alternativeforced-choice task were measured using a modiﬁed
descending method of limits, with 10 trials at each level
of the stimulus. Stimulus direction was random across
the trials. The coherence level was reduced in successive
blocks until performance reached chance (50% accu-
racy). Small breaks were taken between each block of
trials to prevent fatigue.
Coherence thresholds for direction discrimination of
moving dots or stationary arrows were determined by
ﬁtting a Weibull function to the data for each partici-
pant. Threshold was deﬁned as the point of maximum
slope on the ﬁtted curve, which occurs at 82% correct
in a 2-alternative forced-choice procedure (Strasburger,
2001). The Weibull function provided an adequate ﬁt
to the data for each participant, as indicated by a v2 test
(p < .05).7. Results and discussion
Fig. 3 depicts the mean coherence thresholds on the
global motion and global texture tasks as a function
of age. Performance limits for each age group can be
found in Table 1. The eﬀect of age and task was assessed
with a one-way multivariate analysis of variance. Perfor-
mance on neither coherence task improved signiﬁcantly
with age (F(10,130) = 1.37, p > .05).
Contrary to our results, a recent study by Gunn et al.
(2002) suggested that motion coherence thresholds do
not reach adult performance levels until the age of 10–
11 years. The global motion stimulus used by Gunn
and colleagues diﬀered from ours in that participants
were required to determine the location of a target strip
in which the global direction of motion was opposite to
that of the rest of the display. This is a type of motion-
deﬁned form task rather than a simple global motion
834 E.E. Parrish et al. / Vision Research 45 (2005) 827–837task, and motion detection rather than direction dis-
crimination was measured. Thus the results of Gunn
et al. are consistent with our ﬁnding of a later matura-
tion for motion-deﬁned form relative to global motion
perception.
The results of Experiments 1 and 2 suggest that the
ﬁgure-ground segregation and shape identiﬁcation as-
pects of motion and texture perception are maturing in
preschool and school age children, but spatial integra-
tion of local elements is mature in the youngest children
we could study (3 years old). Coherence level is just one
factor limiting direction discrimination in moving ran-
dom dot patterns. Direction discrimination also breaks
down as the spatial displacement of the dots between
frames increases. The maturation of direction discrimi-
nation as a function of coherence level and displacement
was studied in the next experiment.8. Experiment 3: Motion coherence and motion
displacement direction discrimination
Dmax is the maximum displacement yielding a percept
of smooth motion in a dynamic random-dot pattern.
Dmax was found to increase in infants between 8 and
15 weeks old; however, the infants performance was still
far below adult performance levels (Wattam-Bell, 1992,
1996). The maturation of Dmax in older children has not
been reported. Experiment 3 compares the development
of motion coherence thresholds and Dmax.Fig. 4. Mean Dmax thresholds and mean coherence thresholds for
accurate discrimination of motion direction for each of the age groups.
Error bars represent one SEM.9. Methods
Participants were 132 volunteers from the commu-
nity, divided into six age groups of 22 subjects each:
3–4 years old, 5–6 years old, 7–8 years old, 9–10 years
old, 11–12 years old and adults. Eleven participants in
each age group performed the global motion task and
the remaining participants performed the Dmax task.
The details of the participant selection and the appara-
tus are the same as in Experiment 1.
9.1. Global motion
The global motion stimulus was identical to that de-
scribed in Experiment 2. The spatial displacement be-
tween frames was held constant at 0.142deg and
coherence level was varied.
9.2. Dmax
A randomly generated pattern of white dots was pre-
sented on a black background at a dot density of
32dots/deg2. The motion was created by displacing the
entire pattern of dots the same distance in the samedirection on eight successive frames (see Fig. 1b). Each
frame was displayed for 106.7 ms, for a total display
time of 853.6ms. Participants sat 1.4m from the moni-
tor. At that distance the display subtended
12.8 · 9.6deg. The dot displacement was initially
0.57deg and was varied according to the psychophysical
method described in Experiment 2. Displacements of
0.57, 1.14, 1.42, 1.70, 1.99, 2.27, 2.56, 2.84, 3.12, 3.41
and 3.69deg were used. The coherence level was held
constant at 100%.
9.3. Procedure
The procedure was similar to that of Experiment 2.
Participants were asked to identify the direction of mo-
tion (up or down) on each trial of each task. Dmax or a
coherence threshold for direction discrimination was
determined by ﬁtting a Weibull function to the data
for each participant. The threshold for each 2-alterna-
tive forced-choice task was deﬁned as the 82% correct
point on the psychometric function.10. Results and discussion
Fig. 4 depicts the mean motion coherence threshold
and the mean Dmax as a function of age. Performance
limits for each age group can be found in Table 1. The
eﬀects of age and task were assessed with a one-way
multivariate analysis of variance. A signiﬁcant age eﬀect
was found (F(10,118) = 2.39, p < .05). Dunnetts test was
performed with the adult group set, a priori, as the con-
trol group to which the children were compared. In sup-
port of the results of Experiment 2, there were no
signiﬁcant age group diﬀerences on the global motion
task. On the Dmax task, the two youngest age groups
E.E. Parrish et al. / Vision Research 45 (2005) 827–837 835(3–4 and 5–6 years old) were signiﬁcantly diﬀerent from
the adult group.
An exponential function did not adequately describe
the change in Dmax with age, therefore the rate of
maturation could not be quantiﬁed by s. Since visual
acuity is still maturing in this age range (Buckingham
& Kelly, 1996), an ANCOVA for the Dmax variable
was performed with visual acuity factored as a covari-
ate. Again, LogMAR acuities were used (Holladay,
1997). The age eﬀect was still signiﬁcant (F(5,61) = 3.58,
p < .05).
These results suggest that performance on the global
motion and Dmax tasks reﬂects diﬀerent underlying neu-
ral mechanisms with diﬀerent rates of maturation. Dis-
sociations between global motion and Dmax have been
reported previously. Edwards et al. (2004) found that
dyslexic children had abnormally high coherence thresh-
olds but normal Dmax. Hoag, Edwards, Boden, and
Giaschi (2002) found that optical blur increased Dmax
but did not aﬀect coherence thresholds.11. Discussion
The visual system is not fully developed in school age
children. Previous research examining the development
of motion-deﬁned form perception in children has
shown that maturation occurs well into childhood (Gia-
schi & Regan, 1997; Gunn et al., 2002). The present
study compared maturation on several tasks of motion
and texture perception to determine the mechanisms in-
volved in the improvement in motion-deﬁned form iden-
tiﬁcation with age.
The results of Experiment 1 suggest that ﬁgure-
ground segregation and shape identiﬁcation, based on
motion, texture or luminance contrast, are still maturing
in school age children. Segregation based on motion con-
trast appears to mature fastest, followed by luminance
then texture contrast. This conclusion may be speciﬁc
to the stimuli and tasks used. When coherence thresholds
for detection rather than speed and orientation thresh-
olds for identiﬁcation were measured, Gunn et al.
(2002) reported the opposite developmental pattern with
segregation based on texture contrast maturing before
segregation based on motion contrast. Regardless of
the exact developmental pattern, the maturation of mo-
tion-deﬁned form perception could reﬂect the matura-
tion of ﬁgure-ground segregation and/or shape
identiﬁcation mechanisms. Dissociating the maturation
of ﬁgure-ground segregation from the maturation of
shape identiﬁcation will require further studies involving
detection, rather than identiﬁcation, of motion-deﬁned,
luminance-deﬁned and texture-deﬁned form.
The results of Experiment 2 suggest that spatial inte-
gration of local elements, either motion or texture ele-
ments, is mature by at least age 3 years. Thus, thematuration of motion-deﬁned form perception is not
due to immature spatial integration mechanisms.
The results of Experiment 3 suggest that direction
discrimination mechanisms aﬀected by displacement
continue to mature in school age children even after
those aﬀected by motion coherence are mature. Dmax
and motion-deﬁned shape identiﬁcation reached adult
levels at the same age. Thus, the maturation of mo-
tion-deﬁned form identiﬁcation could reﬂect the matura-
tion of certain direction discrimination mechanisms.
The Dmax and global motion tasks can be character-
ized as two diﬀerent 1-dimensional slices through the
2-dimensional displacement/coherence space over which
motion perception is possible. The results of Experiment
3 suggest that performance on these two tasks is medi-
ated by diﬀerent mechanisms. Global motion coherence
thresholds are widely accepted to reﬂect higher-level mo-
tion processing (e.g. Morrone, Burr, & Vaina, 1995),
possibly in area V5/MT in the dorsal pathway (New-
some & Pare´, 1988). Dmax has been theorized to involve
both low-level Fourier detectors (Bischoﬀ & Di Lollo,
1990), probably in V1, and higher-level feature-match-
ing (non-Fourier) motion mechanisms (Morgan, 1992).
Dmax in adults increases when dot size or dot density
is increased, when the size of the pattern is increased
and when high spatial frequencies are removed from
the pattern (reviewed in Sato, 1998). These increases in
Dmax have been attributed to a switch from low-level
to high-level processing (Sato, 1998), an increase in the
number of low-level motion detectors responding to
the pattern (Chang & Julesz, 1983) and a release of inhi-
bition on low-level detectors tuned to low spatial fre-
quencies (Cleary & Braddick, 1990; DeBruyn &
Orban, 1989), respectively. Our observed increase in
Dmax with age could represent either a switch from
low-level to high-level processing or an increase in the
total number of motion detectors with age. It is not
likely due to a release of inhibition from high spatial fre-
quency detectors, since these are known to increase in
number with age (Movshon & Kiorpes, 1988).
Based on the physiology reviewed in the Introduc-
tion, we would expect performance on the motion and
texture tasks to depend mainly on the maturation of
the M/dorsal pathway and P/ventral pathway, respec-
tively. Table 2 summarizes the age of maturation ob-
served on each psychophysical task and the visual
pathway suggested to mediate this maturation. Mo-
tion-deﬁned form perception appears to involve both vi-
sual pathways (Regan et al., 1992). Age-related changes
in visual acuity and texture-deﬁned shape identiﬁcation
are consistent with P/ventral pathway maturation. Thus,
the results of Experiment 1 suggest that maturation on
the motion-deﬁned form task was probably due to the
P/ventral components of the task. Age-related changes
in Dmax are consistent with M/dorsal pathway matu-
ration. Thus, we cannot rule out the inﬂuence of the
Table 2
Summary of conclusions and M/dorsal and P/ventral pathway
association for each of the psychophysical tasks
Psychophysical Task Maturation M/dorsal and
P/ventral pathway
component
Motion-deﬁned form Matures by age 7–8 Both M/dorsal
and P/ventral
pathway
Dmax Matures by age 7–8 M/dorsal pathway
Global dot motion Mature by age 3–4 M/dorsal pathway
Texture-deﬁned form Matures by age 11–12 P/ventral pathway
Global arrow texture Matures by age 3–4 P/ventral pathway
836 E.E. Parrish et al. / Vision Research 45 (2005) 827–837M/dorsal pathway on the maturation of motion-deﬁned
shape identiﬁcation.
Taken together, our results do not point to clear
developmental diﬀerences between the M/dorsal and P/
ventral pathways. Both pathways appear to be maturing
in school age children. The global direction discrimina-
tion tasks were not sensitive to age-related developmen-
tal processes, even though global motion tasks are
sensitive to childhood clinical disorders (Cornelissen
et al., 1995; Demb et al., 1998; Edwards et al., 2004;
Raymond and Sorensen, 1998). The lack of clear path-
way diﬀerences is consistent with functional MRI evi-
dence that form and motion coherence tasks activate
diﬀerent cortical regions that are widely distributed
throughout both the dorsal and ventral pathways (Brad-
dick, OBrien, Wattam-Bell, Atkinson, & Turner, 2000).Acknowledgement
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